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ABSTRACT: Experiments are currently being conducted at the Naval
Ordnance Laboratory in an idealized model of the Enrico Fermi
Nuclear Reactor for the purpose of determining the response of a
model shield plug to simulated exoursion-type loadings. TheSe
experiments were designed to assess quantitatively tne effect
that various significant parameters have upon responses of the
plug. It is essential that pressure-time histories resulting
from the initiation of sod!5um-oased explosive charges within
the piston-fitted model be known, in that the "internal-blast"
pressure is the overriding plug-loading consideration.

A pressure-measuring system utilizing a recording oscilloscope
and an electro-mechanical, variable-reluctance pressure gage
coupled with a fluid-filled, pressure-transmitting tube has been
developed and used to measure pressure-time histories for 48
experiments. A method is presented here by which confidence in
the validity of the experimental results can be evaluated.
Pressure-time data for 21 of these experiments are tabulated and
evaluated for validity.

The recorded pressure-time histories and the high-confidence in
their validity prove the method to be sound and workable,
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A Method for Measuring Internal Blast Pressure-Time Histories of
Confined, Sodium-Cased ExpLosions

The work of this report was carried out under Task V of Task
NoL-285, NOL Reactor-Vessel C ntainment Program. The objective
of Task V is to determine, through experiments in idealized
models of the Enrico Fermi Nuclear Reactor, the response of a
model shield plug to simulated excursion-type loadings. Ti,6
report presents internal blast pressure-time histories and the
method of measurement for 21 of the experiments performed under
Task V. This material was submitted in fulfillment of the
thesis requirements for the M.S. degree in Meohanioel C-.iineering
at the University of Maryland.

The mention of names of proprietary products in this report
constitutes neither an endorsement nor criticism of these
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NOMENCLATURE

A .... frontal area of plug, in
2

a .... cross-sectional area of pressure-trsnsmitting tube

sections, in
2

d .... diameter of pressure-transmitting tube sections, in

F .... viscous force of damping fluid, lb

Ft ... total viscous force of damping fluid, lb

Fp ... frictional force of plug, lb

g .... acceleration dve " g 4'ty, ft/sec2

H .... maximum height achieved by plug, ft

h .... degree-of-damping constant for pressure-sensing device

k .... spring constant of pressure-transducer diaphragm, lb/in

L .... length of pressure-transmitting tube sections, in

md ... mass of pressure-transducer diaphragm, slugs

me ... equivalent mass of damping fluid in pressure-transmitting

tube sections, slugs

mt ... total effective mash of vibrating system (damp.ng fluid

in pressuro-transmitting tube plus diaphragm) referred to

diaphragm: slugs

mp ... mass of plug, slugs

P .... transient interr.1-blast pressure acting on frontal area

of plug, psig

Pi ... peak inter.na2 -b last pressure, psig

Ps ... peak shock pressure, psig

vi



NOLTR 62-45

PE ... maximum potential energy of plug, ft-lb

rt .*. total damping constant of pressure-sensing device

referred to diaphragm, ib-sec/in

ro ... total critioal-damping constant of pressure-sensing

device referred to diaphragm, lb-sec/in

s .... displacement of plug, ft

sf ... displacement of plug at end of power stroke, ft

st ... displacement of plug within plu-guide tube, ft

t .... timo, seoc

u .... average damping fluid velocity in pressure-transmitting

tube sections, in/seo

v .... velocity of plug, ft/sec

vf ... velocity of plug at end of power stroke, ft/seo

x a.** displacement of pressure-transducer diaphragm, in

n .velocity of pressure-transducer diaphragm, in/sec

d2x acceleration of pressure-transducer diaphragm, in/sec 2

dt
2

.. oooviscosity of damping fluid, lb-sec/in
2

p .... mass density of damping fluid, slugs/in
3

vii
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INTRODUCTION

This report presents a Ilethod by which rartiaularized

pressure-time histories were measured for sodit-1ca.Ad oxilor

in an idealized scale model of the Enrico Fermi Nuclear Reactor.

The Fermi Reactor Plant is a fast breeder, 100,000-KW

facility currently being constructed at Lagoona Beach, Michigan.

Figures 1 and 2 show simplified elevation and plan views,

respeotively, of the reactor plant. A preliminary study,

Reference (a), has been made on the capability of the Fermi

Plant to contain a nuclear ewnursion equivalent in violence to

the detonation of 1,000 pounds of TNT located at the core of the

reactor. Among other results of this study, it was indicated

that the 113-ton reactor shield plug would be negligibly sensitive

to the shook from a 1,000-lb T1T accident, but that the plug

might be significantly responsive to the resulting internal-blast

pressure. The internal-blast pressure is defined as the pressure

generated within the secondary shield by expanding gases released

from the explosive charge. For the reason that internal-blast

pressure is dependent upon volume and not configuration, the

secondary shield shown in Figures 1 and 2 as an intricate

polyhedron can be idealized as a right-circular cylinder of

equal volume. In order to assess quantitatively in the

laboratory the ,, irponse of the plug, the idealized reactor model
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was scaled by a iactor of 1/30, and experiments were -onduoted

in which pentolite charges cased with molten sodium were detonated

in the model.

A method for measuring the internal blast pressuee-time

histories is presented, and this methodwas used to measure

pressure-time histories in a series of tests conducted in an

idealized 1/30-scale model reactor. The pressure-tima histories

for these experiments are given along with a relationship for

ncodel plug jump as a function of peak internal-blast pressure.

A procedure is shown and evaluated by which confidence in

the validity of the experimental results is strengthened. The

high-confidence level of the pressui-e-time histories obtained

from these tests proves the method to be sound and workable.

Ultimately the results obtained from these idealized 1/30-

scale model experiments will be utilized in the 1.rojection of

the plug response from the model to the prototype.

PURPOSE AND OBJECTIVES

The broad purpose of this study wato develop a method for

measuring internal blast pressure-time histories generrted from

the initiation of sodium-cased explosions suarrounded b- an

oxygen-depleted atmosphere and confined within a closed piston-

fitted vessel.

The technical objectives wexeas follows:

1. To develop and design an instrumentation system capable

of measuring the internal blast pressure-time histories.

4
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2. To measure the internal blast pressure-time histories

in a series of tests conducted in an idealized model of the

Enrico Fermi Atomic Power Reactor.

3. To develop a relationship between the peak internal-

blast pressure and the maximum height achieved by the plug of

the idealized model.

METHOD OF MEASUREMUT

Internal blast pressure-time histories were measured at the

Naval Ordnance Laboratory White Oak, Maryland, in an idealized

1/30-soale model. The basic configuration of the modelwas that

of a closed, piston-fitted, rIght-oiroular cylinder, a cross-

sectional view of which is shown in Figure 3. The model was

divided into three major parts: (1) the secondary shield,

(2) the sodium vessel or explosive-charge casing, and (3) the

model plug. The secondary shield was a right-circular, steel

cylinder with inside diameter and height of 10.0 inches and

9.2 inches, respectively, and it was equipped with a number of

access ports that were utilized to control and monitor the

various experimental parameters. The sodium voe--is were made

from 1/32-inch stainless-steel, with a right-cylLvidrical

configuration. The dimensions of the vessels varied and were

dictated by the quantity of sodium-casing under investigation.

The model plugwosa lead-filled, steel piston, 3.5 inches in

diameter, 109 i.vhes in length, and 305 pounds in weight, fitted
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4ith three teflon piston rings on one end. In "he experiments

bhe plug was free to slide in a tubular guide that enabled it to

travel a pressure-sealed stroke of up to six feet. This pressure-

sealed stroke is referred to as the powar stro,:e of tae plug.

The sodium-cased charges used in the experiments were 15.8 grams

of pentolite; these were detonated in the models to examine the

effects that significant parameters, such ap quality, magnitude,

and temperature of the casing, have upon the response of the plug.

The initiation of a sodium-cased explosive charge within the

model rasulted in a complex pressure-time loading function

consisting essentially of a sharp-rising shock pulse followed by

a slowly decaying internal-blust pressure. The internal-blast-

pressure portion of this loading function was measured by means

of an instrumentation system consisting basically of a pressure-

sensing device and a recorder. The pressure-sensing device was

designed so as to damp out the shock pulse, but, nevertheless,

to record the internal-blast-pressure portion of the loading

function. The theory of viscous damping was employed in

designing thsP instrumentation to fulfill the required damping

characteristics.

Requirements. The general configuration of the pressure-

time loading function resulting from the initiation of e sodium-

cased explosive charge confined within the model is shown in

the following dt'gramn.

7I
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-
P
PS

t -9

where

Ps @a* is peak shook pressure

Pi so, is peak internal-blast pressure

Ps "'" isF 1 Pi

t ... is time.

Previous investigations, Reference (a), of related shook-wave

phenomena have shown that the overriding plug-loading mechanism

is the internal-blast pressure, which is defined as the pressure

generated within the secondary shield by the expanding gas

resulting from detonation of the charge. Since the internal-blast

pressure persists for a periou of time that is long relative to

that of the shook pressure, it is sometimes called the equilibrimu

pressure. The basis for this may be seen in the ato v diagram.

For the case of the 1/30-soale model, it is that portion of the

pressure-time history from approximately one millisecond through

the duration of the loading function. Dictated by the parameters

and the test oonditloi- of the 1/30-soale model experiments, the

8
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pressure-moasuring instrumentation must fulfill the following

requirements:

1. the gage must withstand, without damage, shook pulses of

the order of 5,000 psi of one-milliseoond dur-etion.

2. the entire system must measure and reoord interual-blast

pressures ranging front 5 to 400 psig of 100 to 2,000-milliseoonds

duration.

3. the gage must operate in a oorrosivo sodium-contaminated

medium.

Instrumentation. Exploratory pressure-time measurements

were made utilizing the induatanoe-gage type, statia-pressure

measuring instrumentation of W. S. Filler, Referenoe (b). The

exploratory measurements proved the feasibility of attempting

to measure the internal blast pressure-time histories; however,

owing to the unsuitability of tbIa equipment for use in a sodium-

oontaminated medium, the following system was developed.

The system oonsists basioally of a pressure-sensing deviae

and a reoorder, the pressure-sensing devioe being a DCS-4

pressure gage ooupled to a pressure-transmitting tube. The DCS-I4

pressure gage, manufaotured by Consolidated Ccnt. is Corporation,

Albuquerque, New Mexioo, is a voltage-regulated gage that aombines

an S-80 variable-reluotanoe, diaphragm-type pressure transduoer

with stable transistorized eleotronio oirouitry. The DS-4 gage,

an exploded view of the S-80 transduoer, and a detailed sahematia

of the eleotronio airouitry are shown respectively in Figures

4, 5, and 6. The DOS- 4 gage is operated from a 23-volt D. C.

9
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power supply and has a signal output of 0-3 volts D. C. over the

ratad pressure range of the transducer. The signal output is

proportional to the pressure signal applied to the transducer.

In order to measure the internal-blast pressure with a -ood

degree of acouraoy, the range of the pressure transducer must be

compatible with the magnitude of the internal-blast pressure.

To prevent the pressure transducer from being damaged by the

shook pulse, a pressure-transmitting tube was placed between the

transducer and the pressure source. The transmitting tube was

made of steel, and its dimensions were controlled by the degree

of damping desired. Through evolution of the pressure-measuring

system, two types of transmitting tubes were developedt an orifice-

damping type and a fluid-damping type. A cross-sectional view of

the two types is shown in Figure 7. The orifice-type transmitting

tube, evolved first, used air as its pressure-transmitting medium

and an orifice as its damping control (the smaller the diameter of

the orifice plug, the greater the damping). This type of

tranomitting tube was used successfully in those tests where

sodium we not present in the explosive-charge casing. However,

in the tests where sodium was present, ologging o..uurred in the

orifice-type transmitting tube and prevented the omplete

measurement of the pressure-time history. This clogging rosulted

from particles of liquid sodium being forced into the air-filled

transmitting tube and subsequently solidifying. To prevent this,

the orifice plug .,as removed, and the tube was filled with a

13
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viscous fluid (oil), resulting in the second type transmitting

tube. A nozzle was attached to the tube to extend the fluid

medium to the inside of the secondary-shield wall. A labyrinth-

type baffle was inserted into the inside wal2 opening of the

pressure-measuring port in order to reduce the velocity of the

liquid sodium and other foreign matter impinging on the fluid

column. The degree of damping was controlled by varying the

dimensions of the tube and the viscosity and density of the

pressure-transmitting fluid. A detailed presentation of damping

is treated in the section on damping theory. The recorder used

in the pressure-measuring instrumentation was a Tektronix

Oscilloscope equipped with a Polaroid Land Camera. A view of

the recording system is shown in Figure 8. The oscilloscope

recorded the D.C. voltage-time history received from the DOS-4

pressure gage; and by means of a atatic-calibration curve of the

pressure gage, this voltage-time trace was transposed to a

pressure-time curve. Type 46-L Land film was used in the Polaroid

Land Camera because it produces a positive transparency, enabling

the data to be reduced and analyzed directly on a film reader.

To gain reliability, two independent presq'- sensing syste-n.

were used in conjunction with two Tektronix Oscilloscopes. The

signals from both DCS-4 pressure gages were recorded on each

oscilloscope, equipped with a type 53C Dual-Trace Plug-in

Preamplifier Unit. By using the chopper circuit of the plug-in

unit, pressure .,ignals from both pressure gages were displayed

15
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simultaneously on each oscilloscope. In view Of the various

horizontal-beam sweep rates available in the oscilloscope, the

sweep rate of one oscilloscope was set to display the early

portion of the pressure-tize history, and the seacna oscVL'eope

was set to display the pressure-time history throughout the

complete power stroke of the model plug. A line diagram of the

pressure-measuring system is shown in Figure 9. Oscilloscope

traces for test No. 25, shown in Figure 10, are sirjilar to the

pressure loading function shown in page 8. However, owing to the

damping nharaoteristics of the pressure-measuring system, the

sharp-rising shook pulse does not appear on the oscilloscope

trRoes.

Damping Theory. As previously stated, damping in the

transmitting tube can be controlled by varying the dimensions of

the tube and the viscosity and density of the transmitting fluid.

This can be shown analytically by invoking the theories of

vibration and viscous flow. Consider the pressure transducer

coupled with the transmitting tube to be filled with a fluid of

density,p, and viscosity, , and represented by the schematic

diagram shown on page 20:

17
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I.LltL L3  L

a2  a3 PW

diaphragm

where the nomenolature is

a .... oross-seotional area of tube seotion, in2

d .... diameter of tube seotiona, in

F .... visoous foroe of fluid, lb

t ... total visooua foroe of fluid referred to diaphragm$

lb

h *... degree-of-dampin- oonstant

k .... spring oonstant of diaphragm$ lb/in

L ... length of various tube seotions, in

md . mass of diaphragm, slugs

me .. equivalent mass of fluid in tube seotions referred

to diaphragm, slugs

Ot ... total effiotive mass of vibrating system (damping

fluid in tubes plus diaphragm) referred to diaphragm,

slugs 20
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r.. total oritioal-damping constant referred to diaphragm,

lb-seo/in

rt ... total damping constant referred to diaphragm,

lb-seao/in

t .... time, Sea

u .... average fluid velocity in tube seotions# in/sea

x .... displacement of diaphragm in

dx ... velocity of diaphragm, in/sea
dt

d2x oacceleration of diaphragm, in/sea 2

dt2

. ... viscosity of fluid, lb-seao/in 2

p .... mass donsity of fluid, slugs/in3

subscripts

1 .... pressure-transduaer section

2 *... pressure-transduoer adapter section

3 .... transmitting-tube main section

4.... transmitting-tube nozzle section.

Pressure P(t) acts upozA the nozzle of the transmitting tube,

and if the fluid is taken to be inoompressible and to move as

a unit, the diaphragm deflects a distance, x. The motion

of the fluid can be considered analogous to that of a spring-

mass system, the free-body diagram of which is shown on page 22.

21
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Ft

kx 1-P mt -2x ---- a4 P(t)
dt2

If losses due to the varying oross-seotions are neglected, the

equilibrium equation for the fluLd.masa r.afarred to the diaphragm

is

d2x
mt-+ Ft + kx = a4 P(t) (1)

Since flow in the transmitting tube is laminar at bhe low

Reynolds' number ordinarily enoountered, the expression for the

viscous force can be derived from the theory of laminar viscous

flow for incompressible fluids in circular tubes and is

F = 8 ir L u (2)

The total viscous force, Ft, can be expressed as the sum of the

viscous forces of each section and is

t =F 1 + F2 + 3 + F4 (3)
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Substituting the expression for F from equation (2) for eaoh

seotion in the above equation, we obtain

dx
Ft = 8 T±L dt + 8,rp L2 u2 + 8vjsL 3 u3 "+ 8 rP L4 u4 (1')

From the prinoiple of oonservation of mass, we obtain the

following relationships

al dx a, dx a, dx

a2 dt ' 3 a ta4

and substituting these rslationships into equation (4) and

oombining terms, we obtain Ft referred to the diaphragm to be

a a dx(6)
F 8-f/ L4.a1 +-L + - Li-6a2 a3  3 a4 4dt

Letting

rt 8 8i,$L L + L2 + - L + Li

1 a2  2 a3  
3 a~ 4 4

and substituting the expression for Ft from the above equation

in equation (1), we obtain

mt d2 + rt dr + kx = a 4 P(t) (7)

dt2  d 3
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the solution of which, for the case of vibrating motion, is

rtt

x = e A (os -t + B sin +" 2,

where Yp represents the particular integral for pressure, P(t).

The degree of damping, h, of the vibrating system is expressed

as the ratio

h = (9)re

where r. is the critical damping uvnstant given by

r.= 2 - (10)

In determining the total effective mass (mt) of the fluid

referred to the diaphragm, we must give consideration to the

fact that the velocity distribution in the various sections is

not uniform but is represented by a paraboloid of revolution.

Becausa ot this faot, the tass of the fluid in each

section is referred to as an equivalent mass, me, wit. an

average velooity, u. This equivalent mass is equal to 4/3 the

actual mass, Reference (c); it can be expressed aw

me = 4/3 p aL (11)

24



NOLTH 62-45

and when referred to the diaphragm is defined &a

i 2

me -4/3 p a L (12)

The total effective mass .of the system referred to the diasphragm

can be expresed as the sum of the equivalQnt masses of each

section referred to the diaphragm plus the mass of the diaphragm

and is

mt = md + mel + me2 + m.3 + me4  (13)

Substituting in the above equation the relationships obtained

from equation (12) for each section and combining terms, we

obtain

m md + 4/3p{al LI + a2 L2 [-j + a3 L[ + aj41 _ a

Thus the expression for the degree of damping becomes

tIi i + L2 L2 + aL

k md + 4/3 P [a, 1  + a2 L2 (2+ a3  a 2

(15)
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The value for the spring constant of the diaphragm, k, can be

determined from the load deflection relationship for a uniformly

loaded circular plate with clamped edges and a large deflection.

A discussion of this is covered in Appendix A.

Equation (15) shows that for a given pressure transducer the

degree of damping of the pressure-transmitting tube is a function

of the lengths and area ratios of the various sections that make

up the tube and the density and viscosity of the fluid within it.

Owing to design considerations for the access ports in the

secondary-shield wall and the pressure transducer, the num~br of

variables that influence the damping characteristics of the

pressure-transmitting tube is greatly reduced. For example, the

dimensions of section 4, the nozzle section, are controlled by

the size of the access ports; and the dimensions of sections 1

and 2, the cavity and adapter sections of the pressure transducer,

are controlled b7 the design of the transducer. The damping

characteristic of the transmitting tube is, therefore, a

function only of the length and diameter of the main section and

the density and viscosity of the fluid. In order to damp out

the shook pulse, the response of the pressure-sensin6 device can

not be faster than one millisecond. Dynamic oalibration

experiments were conducted to verify the damping theory and to

determine the proper fluid and the correct transmitting-tube

dimensions to produce the desirea response time for the pressure-
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sensing device. A detailed discussion of these experiments and

the results obtained therefrom is presented In Appendix A.

EXPERIMENTAL FACIITIES

In order to ascertain in the laboratory the response zf

the shield plug in the Enrico Fermi Atomic Power Plant to an

accidental nuclear excursion, it was necessary to conduct

experiments in an idealized model. The basic configuration of

this model was that of a closed, piston-fitted, right-circular

cylinder, a description of which has been presented in the

Method cA Measurement section. A cross-sectional view of the

model is shown in Figure 3. Experiments in this model were

conducted to assess quantitatively the parameters that sig-

nifioantly affect the internal-blast pressure function and the

resultant plug jump. Only those facilities pertaining to

measurement of internal blast pressure-time histories are

presented here.

The variable-reluctance pressure transducers coupled with

pressure-transmitting tubes were inserted securely into the

secondary-shield-wall-access ports of the model. A oross-seational

view of the pressure-sensing device is shown in Figure 7. Signal

leads attached to the two pressure transducers were directed to

their respective DCS-4 electronic units mounted on the inside wall

of the movable platform. From the platform they were directed to

the recording oeilloscopes located in the instrumentation and
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control building. A view of the recording oscilloaoores Is

shown in Figure 8. To ensure that the pressure transducers

remained at ambient temperature, cooling air from centrifugal

blowers mounted on the model adjacent to the transducers was

direoted on them throughout the test.

In establishing confidence in the validity of the pressure-

time data, the dynamics of the model plug were used in concert

with the pressure-time data. To correlate the respective histories

of the plug displacement and the internal-blast pressure, the

motion of the plug had to be monitored. This was achieved by

the use of two camere systems, one system using a 16-millimeter

Fairchild High-Speed Camera and the second system using a 35-

millimeter Mitohell Camera. The Fairchild High-Speed Camera was

operated at approximately 1,600 frames per second and was located

in the plane of the trajectory, 30 feet directly behind the

model on a 30-foot tower. A timing-pulse generator, which was

synchronized with a 400-cycles-per-second, vacuum-tube controlled

fork, supplied timing pulses to the high-speed camera. The pri-

mary purpose of the high-speed camera was to record the displace-

ment-time history of the plug during the power stroke. The 35-

millimeter Mitchell Camera was operated at approximately o4 frames

per second and was located on a 50-foot tower situated 132 feet

from the model along a path at right angles to the flight path of

the plug. Its primary .urpose was to record the maximum height the
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plug achieved. A 1a4out of the caera B in .umcuaton I3 shown in

Figure 11. In order to synchronize the triggering of the record-

ing oscilloscopes and the running of the Fairohild High-Speed

and Mitchell cameras with the firing of the 6xplosiva charge, a

delay-sequence firing unit was used. This unit delayed the

delivery of the firing pulse to the explosive charge until the

cameras had been started and brought up to sp_ ed and the trigger-

ing pulses had been delivered to the recording oscilloscopes.

The delay time was measured and recorded by oscilloscope No. 3.

A block diagram of the eleotronic instrumentation system is

shown in Figure 12.

To ensure that the pressite gages were not damaged during

the tests and their calibration altered, each gage was statically

calibrated before and after each test with a Type-1300 Ashoroft

Dead-Weight Gage Tester. Figure 13 shows a pressure gage

being calibrated. In order to achieve the desired damping

characteristic required of the pressure-measuring instrumenta-

tion, the pressure gages were also calibrated under dynamic

conditions. Transient step-pressure pulses from 0 to 500 psi

and of the order of 500-mioroseoonds rise time . generated

in a pressure pot. The pressure pot consists evsentially

of two chambers, a reference chamber and a gage chamber,

separated by a sealing valve. The volume of the reference

chamber is very large relative to that of the gage

chamber. The referenoe chamber was filled to the desired
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pressure with compressed air, and by means of a apring loaded

mass. the sealing; valve was abruptly released, subjecting the

pressure gage in the gage chamber to a sharp-rising pressure

pulse. Figure 14 shows a cross-sectional view of the pred. .'e

pot. A discussion of the dynamic-calibration experiments is

presented in Appendix A.

EXPERIMENTAL PROCEDURES AND RESULTS

Forty-eight experiments in the idealized, 1/30-scale model

reactor were conducted to assess quantitatively the parameters

that significantly affect the internal-blast pressure loading

function and hence the height Pchieved by the model plug. The

principal parameters studied were the quality, magnitude, and

temperature of the explosive-charge casing. The internal blast

pressure-time histories were measured for all 48 experiments.

Some of the experiments were conducted in order to check

instrumentation, experimental techniques and procedures, and

replioability of the experimental results. Taking these factors

into consideration and minimizing redundancy, we elect to present

the results of only 21 of the 48 experiments. -1, selection of

these 21 experiments was based upon the objective of illustrating

the effects that the principal parameters had upon the internal

blast pressure-time histories.

Exploratory experiments were conducted using the pressure pot

to dynamically otlibrate the pressure-sensing device. The purpose
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of these experiments was three fold: (1) to determine the

dimensions of and the fluid viscosity within thi pressure--

transmitting tube necessary to produce the required damping,

(2) to check out the complete pressure-.measul.ng instrumentation

prior to use in the model reactor experiments, and (3) to verifyr

the damping theory. A detailed discussion of these experiments

and the results obtained therefrom are presented in Appendix A.

In order to assess how the quality, magnitude, and tempera-

ture of the explosive-charge casing affect the internal-blast

pressure loading function, experiments were conducted in which

various amounts of sodium casings at temperatures of 50

degrees F and 850 degrees F were used. Five different size

sodium vessels were used and are referred to in Table 1 as

4*, 8*, 12*, 16*, and 20* (increasing in volume) vessels. A

chronological description of the procedure used in measuring the

internal blast pressure-time history in these experiments is as

follows. Prior to inserting the pressure-transmitting tube into

the access ports of the secondary-shield wall of the model, the

pressure gages were statically calibrated, as shown in Figure

13. Following static calibration, the transmitting tubes were

connected to the pressure transducers and were it led, under

vacuum, with type "200" Dow Corning Corporation silicone fluid.

The transmitting tubes were then inserted into the access ports

of the secondary-shield wall, and the signal leads of the

pressure transd.or were connected to their respective DCS-4
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electronic units located on the inside wall of the movable

platform. The centrifugal blowers were turned on to cool the

transducers, and then the signal cables from the DOS- 4 units

to the instrumentation building were conneotod to r"eoording

oscilloscopes No. 1 and No. 2. Just prior to the firing of the

explosive charge, the oscillosoopes were adjusted, and when all

test conditions were fulfilled the hydraulic lift was raised.

The hydraulic lift was used to remotely insert the explosive

charge into the liquid-sodium casing. As the hydraulic lift

reached certain positions along its travel, mioroswitohes were

closed, starting the Mitchell and High-Speed Fairchild camoras

in that respective sequence. When the high-speed camera

reached its proper speed, the camera sync-switoh closed and

activated the delny-sequenoe firing circuit which in turn

instantaneously triggered recording oscilloscopes No. 1 and No. 3.

At approximately 25 and 30 milliseconds following the triggering

of oscilloscopes No. 1 and No. 3, the delay-sequence firing cir-

cuit triggered oscilloscope No. 2 and simultaneously delivered a

firing pulse to the explosive charge and oscilloscope No. 3,

respeotively. Subsequent to the closing of the oamerq micro-

switches but prior to the detonation of the explosive nharge, the

hydraulic lift sealed the model reactor and positioned the charge

within the casing.

The peak internal-blast pressure, duration of the power

stroke of the plug, :nd maximum height achieved by the plug for
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the 21 tests are tabulated in Table 1. The orifice-type pressure-

transmitting tube was used in all tests where the explosive-

charge casing contained no sodium. In those tests where the

explosive-charge casing contained sodivm, the fluid-type trans-

mitting tube was used. In several of the non-sodium cauzing

tests, both types of transmitting tubes were used, the orifice-

type in one recording channel and the fluid-type in the second

recording channel. The purpose of this was to compare under

identical test conditions the pressure-time histories measured

using each type. No differences between the pressure-time

histories wera experienced in these tests. Although the response

of the fluid-type transmitting tube, as determined by the pres-

sure pot, was such that it should not have transmitted an explosive-

shook pulse, in several of the sodium-casing tests, shock

pulses appeared in the early portions of the pressure-time

records. In all tests where these shocks occurred, a shift

in the static-calibration curves resulted, and in a few tests

the pressure transducers were permanently damaged. In order

to combat this, pressure transducers of much higher ranges

than the maximum internal-blast pressure antiipE'-%u were used

(e.g., 0-300 and 0-500 psi range transducers were ased to

measure internal-blast pressures of the order of 50 psig) which

resulted in a reduction of the sensitivity of the pressure-

measuring system. It was later discovered that these shock pulses

were caused by ptwrticles of liquid sodium and foreign matter
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TEST CONDITIONS RESULTSTEST
TM SODIUM VESSEL CASING PEAK POWCER- MAXlI.MH

NO. CF CASINa TYPE TDIP. PRESSURE STROKE PLUG
AM{O6. WT. DIJR&!ON JUMP

S02) (QAns) (OF) (PSIG) ((SEc )'

2 5.6 0 NONE 192 354 15.96

29 5.0 0 NONE 194 350 15.75

35 4.7 0 NONE 185 358 15.62

23 5.5 0 4* 850 112 525 9.48

25 4.5 0 8* 550 110 633 7..29

24 4.5 0 8* 850 108 617 7.73

30 4.3 0 12* 550 160 112 12.51

31 4.3 0 16* 550 137 450 1.61

21 6.0 0 16* 850 96 641 7.58

36 4.9 382 4* 550 66 1016 4.71

37 5.0 382 4* 850 88 601 8.31

38 4.5 732 8* 550 MAFUNMCToNED PRESSURZ GA(

39 5.0 732 8* 850 72 1 832 6.56

40 5.0 1162 12* 550 MALFUNCTIONED MSURE GAGE

42 5.0 3162 12* 850 64 966 4.64

43 5.1 1340 16* 550 45 3.39

41 5.0 1340 16* 850 66 835 6.52

44 5.4 1747 20* 550 46 870 2.30

!6 5.1 1611 20* 850 HMALUNCITIONED PRESSLRE GAGE

47 5.2 1611 20* 850 57 766 2.07

48 5.2 1162 12* 550 54 966 2.50

*. Recorder failed to record complete pressure-time history

TABLE I !.XPERIMENTAL RESULTS
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impinging at high velocities upon the fluid column in the

transmitting tube. A labyrinth-type baffle was designed and

placed on the inside of the seoondary-chielQ wall in the opening

of the access ports in order to reduce the velocitiea c4 these

impinging particles. Figure 7 shows the position of the baffle

plate relative to the transmitting tube. Baffls plates were

used in tests No. 47 and 48, and no shock pulses or shifts in

the static calibration curves were experienced. The results of

tests No. 2, 29, and 35 illustrate the replioability of the

pressure-measuring system. The power stroke-time and pressure-

time plots for the 21 tests are shown in Figures 15, 16, and 17*

The relationship between peak internal-blast pressure and

maximum height achieved by the plug is presented graphically in

Figure 18.

The internal blast pressure-time traces, shown in Figures

15, 16, and 17, were recorded by the oscilloscopes as voltage-

time traces, where voltage is proportional to pressure. The

proportionality of pressure to voltage was determined from

static-oalibration records. Type 1L6-L Polaroid L"i. Film, used

to record the voltage-time traces and statio-cal.tration data,

produced a positive transparency that was easily read and

analyzed on a high-magnification Telereadex 29A film reader.

The pressure-time curves shown in Figures 15, 16, and 17 were

obtained by oomt ining the data from the voltage-time traces with

39



NOLTR 62-45

70 zoo ______ 70- 200

60- NTRNL LAT TRKE 6-. INTERNAL BLAST SRK

~50L 9150S PRESSURE 50R- Z31150STROKEP

240- 40-SI

02
0  20

r ~50

0, 00 200 300 400 0 50 100 150 200 250 300 3560 400
TIME (MILLISECONDS) TIME (MILLISECONDS)

TEST NQ 2 TEST NQ 29

70~ 200 - 70 100
0Z3 INTERNAL BLAST -60 Z NENLBAT SMC
-n PRESSURE STOK s o PRESSURE

401 ~c' 40 60

03 030 4

-20 K0 ;
101 L10

0 50 100 150200250 300 350 400 0 100,200 3004005 00 700800O
TIME (MILLISECONDS) TIME (MILLISECONDS)

TEST NO 35 TEST NO 23

80 120 80 r2C

70 100 70 'O)' INTEF.AL-BLAST SRK~60 a INTERNAL BLAST SROKE In
8 0 9 PRESSURE SRK

rA ~80 PtiZRSURE ~50 8o.

-40 -m60( =40- r.0

e 30 0 30-i
o w4O0 4 0-

10 20_ 10[20

0 100 200 300 400 500 600 700 800 0 100 200 3004050607080
TIME (MILLISECONDS) TIME (MILLISECONDS)

TEST N9 25 TEST NQ 24

FIG. 15 6rROKE-TIME SPRESSURE-TIME PLOTS
FOR '; ETS NO. 2, 29, 35, 23, 25, AND 24

40



NOLTR 62-45

80- 8
70 70 20

w n INTERNAL BLAST STROKE TRROKVE0 KSSURE 50 INTERNAL BLAST
_ w IS PRESSURE/

030 10 030

(420 ' 20

101 - 10.

0 100 200 300 4 500 600 700 0 100 200 300 400 500 600 700
TIME(MILLISECONDS) TIME (MILLISECONDS)

TEST NQ 30 TEST N2 31

so- 1201 so8 120

70 100 70100
0. oU5INTERNAL BLAST STROKE.-64

80 PRESSURE 5 0 dSTROKE240 . 60 -' 40 i 0
30 30 (

9401- - 0

20 R E c

0 100 200 300 400 500 600 ) 0 200 400 600 800 000 1200 1400
TIME(MILLISECONDS) TIME (MILUSECONDS)

TEST NQ 21 TEST NQ 36

10 120 - " 80 120, RO

70 10% 70 .

60 INTERNAL BLAST STROKE 60 0RE
80 PRESSURE STROKE80. " INTERNAL BLAST ST

0 ,,, P R E S S U R E
w/

~0406 r 60
0 ':) 6

t0 2 
I20 20-

0 100 200 300 400 500 700 0 200 400 600 800 1000 200 1400
TIME (MILLISECONDS) TIME (MILLISECONDS)

TEST N2- 37 TEST NQ 39

FIG. 16 STROKE-TIME a PRESSURE-TIME PLOTS
FOP TESTS NO. 30, 31, 21, 36, 37, AND 39

41



NOLTR 62-45

70 100 100
60

Z5 -80. -801
INTERNAL BLASI/ STROKE

540 -60 PRESSURE 960.
3 40 77., INTERNAL BLAST

0 200 400 600 800 lOCK 3200 3400 0 200 400 600 800 3000 3200 3400
TIME (MILLISECONDS) TIME (MILLISECONDS)
TEST NO42 TEST NO 43

80 1Ct - 1460 .i

70 sOo[ Smt 70 12

bc60 V6 )
08

50 80 INTERNAj. BLAST/ 5

, o PRESSUR

cc -C 20

30 20.3

0 200 400 600 800 000 1200 1400 0 200 400 600 800 3000 1200 3400
TIME (MILLISECONDS) TIME MILLISECONOS

TEST NO 41 TEST NO 44

70 10 70 100

60 60Zw G 80 .o_

IS40 160 0RSUE-40 1-60- NENL.

40 .RNAL BLST

3 40 40.OKSTRO40

i20 20

to,0 to.J , 0

0 200 400 600 800 3000 3200 14,0 0 200 400 600 800 00 1200 3400
TIME (MILLISCONDS) TIME (MILLtSECONDS)
TEST NO 47 TEST NO 48

FIG.17 SIROKE-TIME 8 PRESSURE-TIME PLOTS
FOR ESTS NO 42, 43, 41,4 4 IN AND 48

42



NOLTR 62-45

w
-Jr

U

w

L.IA

CD

-a.IL
00

opo

00

4 3



1NOLTR 62-45

the data from the statio-calibration records. The pr,er strokei-

time ourves, also shown in the aforementioned figures, were

obtained by roord.inating the ti ning marks produced by the

timing-pulse generator connected to the High-Speed Fairhobild

Camera with corresponding power stroke measurements. The power

stroke-time plots, along with the maximum plug-jimp data, were

obtained from film read and analyzed on a Telereadex 29A film

reador.

VALIDITY OF RESULTS

The over-all accuracy of the pressure-measuring system,

including pressure gage, reoorder, and data reduction, is

believed to be within an error of _± 5% for the pressure data

and ± 3% for the time data. The power stroke-time data are

oonsidered accurate to within ± 1% error for both stroke and

time. The ± 1% error also holds true for the maximum plug- I
jump data obtained from the 35-millimeter Mitchell Camera

records.

There is a fortunate element in the subject experiments, in

that there is a technique available within each experiment by

which confidence in the validity of the pressure-time data can

b. strengthened. This is accomplished essentially by utilizing

the dynamics of the viodel plug in connection with the presaure-
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time data to compare the energy available to movc the plug with

the maximum potential energy received by the plug. The analysis

for increasing the confidence in the pressure-time data is as

follows.

Asaunng the system of forces acting upon the model plug as

shown in the free-body diagram below

v d+

Z-mp d-v

rp mpg

S

P A - - - S = O

and neglecting wind losses, we find the equilibritua equation to be

PAdv (16
PA=mp v rs.+ mp g + Pp(1)"

where the constants are

A.... frontal area of the plug, in2

mp *°to mass 0' plug) slugs

g *to* acceleration due to gravity, ft/seo
2
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Fp ... frictional force, lb

and the variables-are

P .... transient internal-blast pressure actii on frontel

area, psig

v .... velocity of plug, ft/sea

s .... displacement of plug, ft.

The frictional force was measured at a slow constant velooity

(about one in/sea) and was found to be approximately 20 poundq.

Frictional-force measurements are discussed in Appendix B.

Rearranging equation (16) and integrating, we can write

s=sf v-vf s=sf s=s t

ds = mpfv dv + rnp gfds + Fpfds (17)

s=0 v=O s=O s=O

where vf and sf are the velocity and the displacement of the

plug, respectively, at the end of the power stroke and st is the

displacement of the plug within the plug-guide tube. The values

of of and St differeu onl7 in those tests where the maximum

height achieved by the plug was greater than its puwer stroke.

This difference is attributed to the fact that the length of

the plug-guide tubewas greater than the length of the pressure-

sealed portion of the tube. Performing the indicated

integration, we obtain
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AfP ds MP d - V f + mp g s + Fp st (18)

S=0

One can utilize the maximum height achieved by the pljz cc,

determine its maximiun increase in potential energy. From the

conservation of energy, we can write

mp 2
PE=i gH=-vf +mpg sf (19)

where

PE ... is maximum potential energy of plug$ ft-lb

H .... is maximum height achieved by plug, ft.

Rearranging equation (19) and substituting into equation (18),

we obtain

S=£
s~f

AfPds st + mp H (20)

S--O

which can be utilized to establish a confidence ?evil for the
Ss=sf

pressure-tire data. The value for A P da ca. be obtained

by integrating the internal blast pressure-power stroke curve,

which is developed by time synchronizing the internal blast

pressure-time data with the power stroke-time data. The

synchronization ,f the pressure-time curve with the power
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stroke-time curve for Tozt No. 2 is shown in Figurt6 19,

Integration of the prEssure-power stroke curve was accomplished

by measuring the area under t;,J, curve with a polar planimeter.

Upon completion of the power L .roke, press-,re continued "k c ft

upcu the frontal area of the plug for a short distance relative

to the power stroke. That this effect is properly neglectable

may be easily seen from the typical pressure-stroke curve shown

in Figure 19. Knowing the weight (mpg) and the maximum height

achieved by the plug (H) as measured from the 35-millimeter

Mitchell Ca-ra records, we calculated the maximum potential energy.

The energy lost to friction (Fp st) was calculated by assuming

the measured frictional force or 20 pounds to be constant

throughout the plug stroke. Let us define net pressure-force

work to be gross pressure-force work less the energy lost to

friction. Absolute percent deviations of net pressure-force

work from maximum potential energy of the plug for the 21 tests

are presented in Table 2. Internal blast pressure-power stroke

plots developed by synchrorization of the data presented in

Figures 15, 16, and 17 are shown in Figures 20, 21, and 22.

For tests No. 36, 39, 42, 41, 47, and 48 in T!ible 2, the

large percent deviation may be attributed to three ftotors:

(1) the range of the pressure transducer used to measure the

internal-blast pressure greatly exceeded the maximum pressure

measured, thereby - duoing its accuracy, (2) the energy lost
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TEST (1) (2) (3) (4) (5) % D_ oNIAT

NO. AJP d Fst Aft d - Fet COLUN 5(4 Tu- 100

(in-lb.) (i-Ti) (i-3) (in-lb.) (i-lb.) (%)

2 63,264 1,929 61,335 58,438 2,697 L,.96

29 62,113 1,929 60,184 57,669 2,515 4.36

35 60,227 1,929 58,298 57,194 1,104 1.93

23 36,829 1,929 34,900 34,712 188 0.54

25 29,150 1,929 27,221 26,693 528 1.98

24 33,000 1,929 31,071 28,304 2,767 9.78

30 47s,951 1,929 46,0o22 45,806 216 0.47

31 46,,5 1,929 44,521 42,511 2,010 4.73

21 30,383 1,929 28,454 27,755 699 2.52

36 21,974 1,140 20,834 17,246 3,588 20.80

37 31,7749 1,929 29,820 30,428 608 2.00

38 MAIUNOTIONED PRESSURE GAGE

39 28,805 1,547 27,231 24,020 3,211 13.37

40 MALFUNCTIOED PRESSURE GAGE

42 19;992 1,120 18,872 16,990 1,882 11.08

43 MALFUNCTIONED HIGI-SPEED CAHE!A

41 29,171 1,564 27,607 23,873 3,734 15.64

441 9,082 550 8,532 8,422 .10 1.31

45 MALFUNCTIONED PRESSURE GAGE

47 9,390 497 8,893 7,579 114 17.34

48 12,1440 600 11,840 9,154 2,686 29.34

TABLE 2 COMPARISON OF* ENERGY AVAILABLE
TO MOVE PLUG WITH MAXIMUM POTENTIAL ENERGY

,RECEIVED BY PLUG
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due to friction was greater than that assumed, and (3) a shift;

botween pro- and post-static calibration curves occurred.

StMRY AND CONCLUSIONS

The purpose of this studs was to develop a method by wLlch

the internal blast pressure-time histories generated from the

initiation of sodium-cased explosions surrounded by an oxygen-

depleted atmosphere and confined within a closed piston-fitted

vessel could be measured. A pressure-measuring system was

developed, designed, fabricated, and employed to measure the

internal blast pressure-time histories of 48 experiments

conducted in a 1/30-scale idealized model reactor. In this report

the pressure-time data for 21 of these experiments have been

presented and evaluated for validity.

The pressure-measuring system essentially consisted of a

recording oscilloscope and an electro-meohanical, variable-

reluctance, diaphragm-type pressure gage coupled with a fluid-

filled pressure-transmitting tube. The design of the pressure-

transmitting tube was such that the response of the pressure

gage could be controlled by varying the viscosity of the trans-

mitting fluid. This control was essential in that it 6nabled the

pressure gage to measure the internal-blast pressure with a

reasonable degree of accuracy without being subjected to the

damaging, high-pressure, shock pulse. The pressure-transmitting

tube was proven effec lve, since pressure-time histories were
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recorded wherein no explosive-shook pressures f.ppeared and no

damage of the pressure gage was experienced. Confidence in the

validity of the pressure-time data recorded by the pressure-

measuring system was strengthened by comparing the prAsaure-

force work done on the model plug with the, maximum potential

energy received by the model plug.

The pressure-time histories, as recorded by the pressure-

measuring instrumentation system, and presented herein, and the

confidence in their validity affirm that this method for

measuring the internal blast pressure-time histories c2 confined,

sodium-cased explosions is a sound and workable one.

The author acknowledges a special debt of gratitude to

Dr. Walter R. Wise, Jr., Research Mechanical Engineer, for his

advice and guidance in directing the subject program and for

his careful technical review of this presentation. The author

is also indebted to Mr. Walter R. Anderson for his assistance

in the design of the pressure-measuring instrumentation and

for his help in measuring the internal blast pressure-time

histories.
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APPENDIX A

DYNAMIC-CALIBRATION EXPERIMENTS

A series of dynamic-calibration experiments was conau 0ae4

in order to evaluate the pressure-measuring instrumentation

under transient pressure conditions. The objectives of the

experiuents were threefold: (1) to determine the dimensions of and

the fluid viscosity within the pressure-transmitting tube

necessary to produce the required damping, (2) to check out the

complete pressure-measuring instrumentation prior to uqe in the

model reactor experiments, and (3) to verify the damping theory.

The assessed parameters in these experiments were main-section

length and area, transmitting-fluid viscosity, and nozzle of

the pressure-transmitting tube.

Recalling the schematic diagram of the pressure-sensing

device from the section on Damping Theory, we have

1L3 ,

rZ P(t)
a, a2 a3 a4  _Pt

diaphragm
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whoro subscripts denote

1 .... rressuro-tr9nsducer section

2 ressure-trpnsducer adapter stietion

3 .... transmitting-tube main section

4 .... transmitting-tube nozzle section.

The lengths and areas of the various tube sections investigated

can be categorized into the following five cases:

Case 1 .... is pressure-sensing device with nozzle, where the

dimensions are:

L3 = 6.5 in; a3 = 0.036 in 2

L4 = 1.7 in; a11 = 0.012 in2

Case 2 .... is Case 1 without nozzle, where the dimensions are:

L3 = 6.5 in; a3 = 0.036 in2

L4 = 0.0 in; a4 = 0.000 in2

Case 3 .... is Case 1 with length of main section shortened,

where the dimensions are:

L3 = 2.5 in; al = 0.036 in2

L, = 1.7 in; a = 0.012 in2

Case e .... is Case 3 without nozzle, where the dimensions are:

L3  2.5 in; a 3 = 0.036 iij2

L4 0.0 in; a4 = 0.000 in2

Case 5 .... is Case 4 with inside diameter of main section

enlarged, where the dimensions are:

L, = 2.; in; a 3 = 0.111 in2

L4 = 0.0 in; a 4 = 0.000 in2

A-2
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The dimensions for tube sections 1 and 2 are common to all five

oases and are as follows:

LI = 0.16 in; a, = 0.197 in2

L2 = 1.O0 in; a2 = 0.023 in 2

Ten tests were performed in which the pressure-sensilig devtoes

defined by the aforementioned five cases were filled with 200-

and 2,000-centistoke, "1200" Dow Corning Corporation silicone

fluid and subjected to transient pressure pulses of 100-psig

magnitude and of the order of 500-microseconds rise time. These

pressure pulses were generated in a pressure pot, a cross-

sectional view of which is shown in Figure 14. A chronological

description of the procedure in performing dynamic-calibration

tests is as follows. The pressure-sensing device was filled

under a vacuum with the silicone fluid being investigated and

inserted securely into the gage chamber of the pressure pot. The

gage chamber was sealed from the reference chamber with the seal-

ing valve. The inertia spring and mass were cooked and retained

by the tripping trigger to which the inertial starter was

attached. The inertial starter was then raised and held in posi-

tion with the lanyard pin. The reference ehaul :; was filled tc

the pressure at which the sensing device was t.. be calibrated by

air supplied from compressed air bottles. hen the desired pres-

sure within the reference chamber, measured by the chamber-pres-

sure gage, was reached, the lanyard pin was pulled, triggering

the cocked ine.,tla spring and mass. The inertia mass, in turn,
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abruptly released the sealing valve, subjecting the pressure-

sensing device in the gage chamber to a sharp-rising pressure

pulse. The motion of the inertia mass, prior to its unsealing

the sealing valve, also closed a mioroswitoh causing a trigg,

pulse to be delivered to the recording oscilloscope. A view

of the dynamic-calibration setup is shown in Figure A-l.

The oscilloscope traces for these ten tests are shown in

Figures A-2 and A-3. The pressure-sensing device was filled

with 200-centistoke silicone oil in those tests presented in

Figure A-2, wbereas 2,000-centistoke silicone fluid was used in

those presented in Figure A-3. In making a comparison of the

experimental results with theory for the degree of damping of

the system, one must recall the expression for the degree of

damping

h = rt (9)ro

where

r t = 87r 1 + L- L2 + al L 3 . a-- LL]F a2  a3  a4

r e = 21 k mt (10)

If we recall equation (14)

Mt m + p 1 Ll + a2 L2  [4 L4 1a4

A-4
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CASE I CASE 2

PRESSURE- SENSING CASE I
DEVICE WITH NOZZLE WITHOUT NOZZLE

CASE 3 CASE 4

CASE I WITH LENGTH CASE 3
OF MAIN SECTION SHORTENED WITHOUT NOZZLE

CASE 5
NOTES: ALL CASES WERE

SUBJECTED TO 100-PSI
PULSE.

TIME BASE FOR A.LL TESTS
WAS 2 MSECiCM

CM

CASE 4 WITH INSIDE
DIAMETER OF MAIN
SECTION ENLARGED

FIG. A-2 OSCILLOS% JPE TRACES SHOWING DEGREES OF DAMPING OF
100-PSI CAGE FILLED WITH 200-CENTISTOKE SILICONE OIL
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CASE I CASE 3

PRESSURE-SENSING CASE I WITH
DEVICE WITH NOZZLE LENGTH OF MAIN

SECTION SHORTENED

CASE 4 CASE 5

CM

CASE 3 CASE 4 WITH
WITHOUT NOZZLE INSIDE DIAMETER

OF MAIN SECTION
ENLARGED

NOTE: ALL CASES WERE SUBJECTED TOIOO-PSi PbLSE.

TIME BASE FOR ALL TESTS WAS 2 MSEC/CM.

FIG.A-3 OSCILLOSCOPE TRACES SHOWING DEGREES OF DAMPING OF
100-PSI GAGE FILLED WITH 2000-CENTISTOKE SILICONE OIL
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the degree of damping can also be expressed as
[ al al al ]

4-r, L I + LL L 2 + al L3 + L4

h= a3 - (15a)
k mt

The value for the spring constant, k, of the diaphragm can be

determined from its load deflection relationship, which is

P 81

k = -- 8(21)

where

.... is deflection of the diaphragm.

The expression for 8 can be obtained by considering the diaphragm

to be a uniformly loaded, circular plate with clamped edges under

large deflection. This is a good assumption in that the

diaphrag is mounted in such a manner as to fulfill the clamped-

edges condition and the maximum deflection of the diaphragm does

not exceed that of its thickness. The expression for 8 is

obtained from Reference (d), and is

P dl 1
8 = ...... (22)

1024 D 1 + .4 82

where

d .... is diameLor of diaphragm, i,'
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w .... is thickness of diaphragm, in

D .... is flexural rigidity of diaphragm, lb-in

and

E w3

12 (1 - V2)

where

E .... is modulus of elasticity in tension and compression

of diaphragm, lb/in2

.... is Poisson's ratio of diaphragm.

Results calculated from the Damping Theory and 7masured

from the experimental data for the ten experiments performed

are presented in Table A-1. For the purpose of comparing the

measured experimental results with the theoretical calculated

results, it is more meaningful to express the degree of damping

in terms of the natural damped frequency, fnd, of the system,

since this is more readily measured. From equation (8) the

natural damped frequency of the system can be expressed as

f nd = ~ t 2 (214)

The conclusions that can be drawn from the results

presented in Table A-1 are as follows:

1. The experimental results qualitatively affirm the

damping theory.
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2. An increase in the viscosity of the transmitting fluid

decreases the natural damped frequency and increases the damping

of the system. This is shown by comiaring the tests that used

200-centistoke damping fluid with the zests that used 20%X-

centistoke damping fluid. The effect that viscosity of fluid

has upon the damping is less as the damping of the system is

reduced. This is shown by Cases 4 and 5.

3. A decrease in the length of the main section of the

pressure-transmitting tube increases the natural damped

frequency and decreases the damping. This is shown by comparing,

for the tests that used 200-centistoke fluid, Cases I and 2 with

Cases 3 and 4, respectively. For the tests that used 2000-

centistoke fluid Cases 1 and 3 were overdamped, resulting in a

non-oscillatory condition. By comparing the rise time of the

pressure pulse for Cases 1 and 3 shown in Figure A-3, the effect

of the length of the main section upon the damping can be shown.

1. An increase in the diameter of the main section of the

transmitting tube incr-eases the natural damped frequency and

decreases the damping. This is shown by comparing Case 4 with

Case 5.

5. The addition of the nozzle decreases the natural

damped frequency and increases the damping. This is shown by

comparing Cases 1 and 3 with Cases 2 and 4, respectively. In

the tests that used 2000-centistoke fluid, the effect of the
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nozzle can be shown in Figure A-3 by comparing the rise time

of the pressure pulse of Case 1 with that of Case 3.

From the results obtained in these tests, a transmitting

tube of the Case 1 design, filled with 2000-oentistoke silicone

fluid, was used in the model reactor experiments. Additional

tests were performed in order to investigate the damping

aharaoteristic of Case 1 type transmitting tube under a vider

range of transmitting-fluid viscosities. The oscilloscope

traces for these tests are presented in Figure A-4.

A similar series of experiments conducted with the fluid-

damping type pressure-transmitting tube was also conducted

with the orifice-damping type transmitting tube. The results

of these tests revealed that the required damping characteristic

was produced by a 1/8-inch diameter orifice.

Sam le Calculations. Sample calculations for Case 1

(transmitting tube filled with 200-oentistoke silicone fluid)

are presented here.

The dimensions and physinol properties for, Case 1 are as

follows:

L1 = 0.16 in; a1 = 0.197 in2

L2 = 1.00 in; a2 = 0.023 in2

L3 = 6.50 in; a3 = 0.036 in
2

Li = 1.70 in; a), = 0.012 in 2

/I = 200 (centistoke) " 1.I095 x 10 - 7 = 2.819 x 10-5 lb-sec

in2
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I

CM

200-CENTISTOKE SILICONE OIL IO00-CENTISTOK. SILICONE OIL
100- PSI PULSE 100-PSI PULSE

TIME: 2 MSEC/CM TIME: 2 MSEC/CM

2000-CENTISTOKE SILICONE OIL 12,500 CENTISTOKE SILICONE OIL
100-PSI PULSE 100-PSI PULSE

TIME: 2 MSEC/CM TIME: 5 MSEC/CM

NOTE: ALL TESTS WERE CONDUCTED WITH 7-INCH TRANSMITTING TUBE
WITH NOZZLE (CASE I)

FIG. A-4 OSCILLOSCOPE TRACES SHOWING EFFECT OF VARYING OIL
VISCOSITY IN PRESSURE-TRANSMITTING TUBE
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Dimensions of 100-psi pressure-transducer diaphreem are

w = 0.008 in

d = 0.500 in

V = 0.28

D = 1.005 lb-in

Indg = hI.57 x l0"4 lb

From equation (22)

(100) (0.500)4 1
82(1024) (1.005) 1 + 0.488 82

(0.008)2

the solution of which gives

8= 0.005 in

and upon substituting in equation (21), we calculate k to be

k = (100) (0.197) = 3880 lb/in
(0.005)

From equation (11) we calculate mt to be

mt = 4.57x0- 4 + L (3.515x10-) [ (0.197)(0.16) + (0.023)(1)
3

,°'197,2 + (0036)(60.) (0.012)(-72)

=0.023 s(0.036 5.012

=1.69xi03 si, gs

A-14[
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From the calculated values for k and mt, h froi equation (15a)

becomes

0.gl-517197 O 9

0.197 2.--97 (6.50) + (1.70)1
10. 0.023 0.036 U.01 -t

h=

(3880)(l.69xlO0
3 )

= 9.75x0
2

Combining equations (9), (10), and (la), we obtain

rt = 9z75xl0-2 (2) (3880)(.69x 3 ) = .499 lb-seo/in

Then from equation (21) fnd beoomes

.L 3880 0.19 2

fnd = ~27r .69xlO-3  k2 x 1.69x10 = 239 cps.
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A'P±'NDIX B

FRICTIONAL-FORC M&ASUREMNTS

In order to establish confidence in the -validity of the

pressure-' .me data, it was necessary to have some idea aea to

the magnitude of the frictionel force of the model plug. A

system was devised in which a Dillon Force Gage was utilized

in measuring the frictional force of the plug. A setup of

this system is illustrated in ?igure B-1. The force gage was

calibrated uider known loads, then placed in series with the

plug, steel rod, steel ball, and hydraulic lift. The plug was

then raised at a slow uniformn rate by the lift through an

approximate stroke of four feet, and the force measured by the

gage was noted. Alter the plug had reached the top of its stroke,

it was lowered to its initia position, and once again the force

measured by the gage was noted. This procedure was repeated

several times, and the average readings of the force required to

raise and lower the plug were taken. The frictional fcroe was

then determined from the following relationship

Force (up) - Force (down) = Frictional 'orce (25)
2

and it was checked by using the following expression

Force (up) - Plug weight = Frictional Force (26)
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MOQE'. PLUG

MODEL REACTOR

SOLIDMD

STEEL SALL

DILLON
FORCE
GAGE

HYDRAULIC
LIFT

FIG. B-I FRICTIONAL- FORCE MEASURING SETUP
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A constant frictional force of 20 pounds was determined

from this series of tests, the accuracy of which is of the

order of ±5 pounds. This accuracy was such C at no difference

could be distinguished between static friction and thA kinetiG

friction.
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